INTRODUCTION
Understanding the chemistry and molecular ar·&itecture which underlies the physical properties of many materials requires chemical characterization of the material; i.e., characterization of the chemical composition, bonding and thermodynamic phase. vVith films, fibers, and many high-tech materials, sample volumes may be small and a sensitive chemical characterizatioi;l technique is required. For . instance, thin films of pure carbon exhibit a wide variety of electrical, mechanical and physical properties that depend upon the microscopic morphology which may encompass diamond, graphite and a wide range of amorphous or intermediate structures. Although the two common crystalline forms of pure carbon, graphite and diamond, are easily distinguished in bulk quantities by X-ray diffraction, thin films of pure carbon are extremely difficult to characterize using X-ray diffraction because of small signals and, in the case of amorphous films, the absence of long-range order.
In some cases macroscopic physical properties depend upon the chemical nature of the material changing across small distances. In these cases spatially-resolved chemical characterization is needed. For instance, ceramics which are strong but also unusually resistant to brittle fracture are produced by ~he controlled use of martensitic transformations, i.e., at least partly irreversible transformations between two solid phases having the same chemical composition. 1 The anticipated increase in toughness has been demonstrated for cubic zirconia ceramics containing precipitates of tetragonal and monoclinic Zr0 2 • When a crack propagates in this material, the metastable tetragonal zirconia particles martensitically transform to the monoclinic phase in the high stress fields associated with the crack tip, forming a transformed zone surrounding the crack and crack tip. This transformation is thought to be a significant factor in the toughening of these materials. Theoretical approaches to understanding the fracture resistance of these materials indicate that toughening depends upon the zone width, the shape of the transformed zone around the crack tip, the extent of transformation within the zone, and the degree of irreversibility of the martensitic transformation. Understanding and optimizing the fracture resistance of such materials requires determining the phase composition in the transformed zone surrounding the crack with a spatial resolution of better than 50 p.m.
For both of these examples the distinguishing feature between the various forms of the materials is the difference in bonding (bond lengths, bond angles, and bond -strengths) and not the chemical composition. This difference alters the fundamental atom-atom vibrations in the microcrystallites composing the material and can be detected using vibrational spectroscopy. Vibrational Raman spectroscopy is an optical technique in which scattered light is shifted in frequency by an energy equal to the energy difference between.vibrational energy levels in therscattering material.
The vibrational spectrum of a material is obtained by measuring the shift in energy of light scattered from a material illuminated with a monochromatic source. All materials have Raman-active vibrations with the one exception of a purely cubic phase.
The difficulty with Raman spectroscopy is that only a very small fraction of the incident light is Raman scattered. This means that it is not always easy to achieve reasonable signal:noise levels because of interference from other optical processes such as fluorescence or because of small signals in the case of small volumes.
Recent advances in optical detectors have produced two-dimensional "imaging" detectors that have low noise and single-photon sensitivity. Such detectors, when carefully coupled with other recent advances in instrumentation, make it possible to apply Raman spectroscopy to materials problems which were formerly unaccessible to study because of the small sample volumes involved or the spatial resolution required.
In this paper we summarize some of the characteristics of a Raman apparatus built in our laboratory that utilizes an imaging photomultiplier tube for materials characterization. The salient capabilities are low noise, high sensitivity, and the capability to obtain one-dimensional profiles of chemical phase from a single illumination without moving the sample or scanning the spectrometer. Moving the sample allows subsequent profiles to be combined to produce a two-dimensional map of chemical phase. of intensity ratios using an apparatus of the type described here are needed, the instrument response should be measured and used to correct the raw data.
Data are collected in two distinct modes depending upon whether or not a spatially-resolved profile is desired. When spatial resolution is not being sought the laser is focused to a spot of about 50 pm diameter on the sample using a single Linewidths of the D-band have also been correlated with La. 8 • 9 Shifts of the G-band to lower frequencies have been related to the sp 3 bonding fraction.
• 11
Theoretical models of amorphous carbon with differing percentages of threefold (sp 2 ) and fourfold (sp 3 ) coordinated atoms indicate that the addition of fourfold coordinated atoms produces a gradual transition in the vibrational spectra to lower frequencies rather. than a mixture of distinct features typical of graphite and diamond. 10 Richter et al. 11 modeled the frequency of the G-band of graphite using force constants for both sp 2 and sp 3 bonded carbon atoms and found the shift in the frequency to lower energies to be essentially linear with increasing numbers of Thus, under static loading, continously increasing applied loads are necessary for continued crack growth. However, under cyclic loading, cracks in PSZ grow without cessation. 13 Thus failure is somewhat analogous to fatigue-crack growth in metals.
The mechanism of crack growth under cyclic load is not fully understood and is being investigated.
Raman spectroscopy utilizing the two-dimensional detector and techniques described above can be used to map the transformed zone. A Raman spectrum typical of PSZ used in these studies is shown in Fig. 4 . To calculate a phase profile, the fraction of monoclinic is computed using the integrated intensities (minus the background) of the 181 and 192 cm-1 peaks for the mcnoclinic phase and the integrated intensity (minus the background) ·of the 264 cm-1 peak for the tetragonal phase. The monoclinic and tetragonal phases are assumed to produce the same relative Raman intensities; this assumption is consistent with literature relative Raman intensities 15 and yields results that are not inconsistent (within the large, perhaps a factor of two, uncertainty in the X-ray determination)
with the composition of samples determined by X-ray diffractrion. The relative Raman response of the two phases affects the scale, but not the topography of the compositional maps that are determined.
The application of spatially-resolved Raman spectroscopy to cracks grown in peak-toughened PSZ is described in detail in Ref. 14. That report describes results on a crack grown using a constant cyclic load. In subsequent work we have investigated a crack grown with a varying amplitude cyclic load, during fatigue-crack growth in a peak-toughness MgO-PSZ sample 3 mm thick. 16 The crack-growth rate exhibits sharp changes which depend upon changes in the magnitude of the load.
Because the crack-growth rate depends upon the transformed zone, detailed measurements of the transformed zone are required in order to understand the behavior of the rate of crack growth and the implications for failure mechanisms under varying load conditions.
T'lie Sp'ecimen was cyclically loaded at a load ratio of 0.1 (Kmin = 0.1 Kmcu:i where I(min and Kmcu: are, respectively, the minimum and maximum stress intensities in a given fatigue cycle; Kmaz and Kmin are changed together in varying-load experiments) and frequency of 50 Hz in a high-resolution, computer-controlled electro-servohydralic testing machine. 16 Crack-growth rates, dA/ dN, were deter- does not appear to change the crack-growth rate or the size of the transformed zone .
SUMMARY
The applicability of Raman spectroscopy to materials -and to the characterization questions raised by high-technology, high-temperature and energy-related materials -has been extended by recent advances in photon detectors. The utilization of two-dimensional array detectors for Raman spectroscopy has increased the sensitivity of the technique by virtually eliminating the detector dark count as a source of noise and has resulted in the development of a new method for obtaining multiplexed, spatially-resolved Raman spectra. By using the spatial resolution of the detector to achieve spatial resolution at the sample, spectra from many spatially 
